Introduction
Folate supplies the substrate for intracellular methylation reactions that are essential to normal brain development and function. Methylation governs such vital processes as DNA synthesis and repair, gene expression, neurotransmitter synthesis and degradation, and homocysteine metabolism. 1 The availability of 1-carbon moieties for methylation reactions is regulated both by dietary folate intake and by cellular machinery mediating folate absorption through the gut, translocation of folate into cells, and conversion of precursors to methyl donors such as S-adenosylmethionine (SAM) (figure 1). 2 Altered folate metabolism has been implicated in several neuropsychiatric disorders, including schizophrenia. Reduced maternal folate intake 3 and increased maternal homocysteine blood level 4 during neurodevelopment have been associated with substantial increases in schizophrenia risk. Low blood levels of folate have been observed in several cohorts of schizophrenia patients, [5] [6] [7] and vitamin supplementation regimens that include folate 8 and methylfolate 9 have been associated with symptomatic improvement. Moreover, common functional genetic variants in 2 genes regulating folate metabolism, methylenetetrahydrofolate reductase (MTHFR) 10 and methionine synthase (MTR), 11 have been associated with increased schizophrenia risk. MTHFR in particular has emerged as a strong candidate gene, with the lowfunctioning 677T allele significantly augmenting schizophrenia risk across 20 case-control studies, 10 although not reaching the threshold of genome-wide significance.
One specific aspect of schizophrenia, negative symptoms, exhibits especially strong ties to folate metabolism and possibly to folate-related genes. Negative symptoms, which include apathy, impoverished speech, flattened affect, and social withdrawal, contribute greatly to functional disability in schizophrenia and are not substantially improved by antipsychotic medications. [12] [13] [14] Previous work has demonstrated a significant inverse correlation between serum folate level and severity of negative symptoms in schizophrenia. 7 MTHFR 677C>T genotype contributes to this relationship: patients who carry at least 1 copy of the 677T allele, which causes a 35% reduction in MTHFR activity, 15 demonstrate greater negative symptom severity; among patients homozygous for the hypofunctional 677T allele, those who also have low serum folate are at especially high risk for negative symptoms. 16 In turn, MTHFR genotype may also influence response of negative symptoms to folate supplementation in schizophrenia. In a recent small (n = 32) randomized, double-blind placebo-controlled study, 17 only patients who carried at least 1 copy of the T allele (C/T þ T/T, or T allele carriers) exhibited a decline in negative symptom severity after 12 weeks of daily treatment with 2 mg folic acid (P = .01), although the magnitude of the decline did not differ compared with T allele carriers who received placebo (P = .06). In T allele carriers (P = .003), but not C/C patients (P = .37), the change in serum folate concentration was inversely correlated with the change in negative symptom scores.
Here, we examined whether other common missense genetic variants in the folate metabolic pathway contribute to negative symptoms in schizophrenia and specifically to the relationship between negative symptom severity and serum folate level. We first used linear regression to determine if polymorphisms in 4 other genes that regulate folate metabolism-folate hydrolase (FOLH1, also referred to as glutamate carboxypeptidase II, GCP-II), reduced folate carrier (RFC), MTR, and methionine synthase reductase (MTRR)-contributed to the severity of negative symptoms, in addition to the known effects of MTHFR. The regression model also included the catechol-O-methltransferase (COMT) 675G>A (158Val>Met) polymorphism, which has previously been shown to interact with MTHFR 677C>T to influence executive dysfunction 18 and related prefrontal impairment 19 in schizophrenia, as well as homocysteine levels in elderly individuals. 20 Next, using only those variants that were independent predictors of negative symptom severity, we determined a risk score for each subject, which reflected the total number of risk alleles present within each individual. We then determined whether risk score correlated with negative symptom severity in patients with low vs high serum folate levels, hypothesizing that high folate would protect against the cumulative detrimental effects of the identified risk alleles.
Methods
The present study comprised an augmented version of a cohort we have previously described. 16 Study procedures were approved by the Partners HealthCare and Massachusetts Department of Mental Health institutional review boards, and all participants provided written informed consent.
Participants and Symptom Ratings
We included 219 medicated chronic schizophrenia outpatients (mean age 48 6 14 y, 70% male) of European descent from an urban community mental health center clinic. The diagnosis of schizophrenia was confirmed by a consensus diagnostic conference based on results from a clinical diagnostic interview, chart review, and review of clinical history with treating physicians. Patients were administered the Positive and Negative Syndrome Scale (PANSS) 21 to assess symptom severity by trained raters who were blind to genotype and serum folate level.
Genotype
DNA was obtained from blood samples and genotyped for 6 single nucleotide polymorphisms (SNPs) across 5 genes that regulate folate metabolism: FOLH1, RFC, MTHFR, MTR, and MTRR (table 1). Specific variants were selected on the basis of (1) common occurrence in the general population (minor allele frequency >0.2), (2) coding for nonsynonymous mutations in amino acid sequences, and (3) previous support in the literature for association with schizophrenia and/or measurable effects on folate or homocysteine metabolism. Patients were also genotyped for the COMT 675G>A polymorphism. No additional genetic variants were studied. Genotyping was conducted using the MassArray platform (Sequenom). All genotypes demonstrated Hardy Weinberg equilibrium (table 1). The 2 MTHFR SNPs were in linkage disequilibrium (R 2 = .19, D# = 1). 
Serum Folate
Nonfasting serum folate levels, obtained on the day of PANSS ratings, were available for a subset of 82 patients. Folate concentrations were determined using cloned enzyme donor immunoassay kits (Bio-Rad) according to the manufacturer's instructions. The group of patients for whom folate levels were available did not differ from the remainder of the subject pool by age or PANSS scores (all P's .1), although female subjects comprised a smaller proportion of the folate group (15%) than the nonfolate group (31%) (v 2 = 7.09, P = .01). Subjects in the folate group were further divided into high folate (12.0 ng/ml) and low folate (<12.0 ng/ml) subjects based on a median split, following the same method as Roffman et al. 16 Anticonvulsant use, which can influence serum folate level, did not differ between the folate and nonfolate groups (v 2 = 1.76, P = .19) or between the low and high folate groups (v 2 = 0.67, P = .59).
Statistical Analysis
One multiple linear regression model was used to determine independent effects of each of the 7 SNPs on the PANSS negative symptom subscale. For each SNP, genotype was entered as 0, 1, or 2, depending on the number of minor alleles; the regression model determined whether allele load significantly (2 tailed P < .05) predicted negative symptom severity. All SNP variables were entered simultaneously into the model. An identical analysis was attempted for the PANSS positive symptom subscale. An allelic risk score was then calculated for each subject based on the total number of alleles (0, 1, or 2 per SNP) across all of the SNPs that had been identified as independently predicting negative symptoms. This information was then entered into a multiple linear regression model for PANSS negative symptom scores, including allelic risk score, folate group (ie, high vs low folate), and risk score 3 folate group interaction.
Results

SNPs Predictive of Negative Symptoms
Regression analyses are reported in table 2 and figure 2. For negative symptoms, as previously reported in a smaller version of the same cohort (n = 135 Caucasian Folate Genes and Negative Symptoms of Schizophrenia participants), 16 MTHFR 677T allele load was significantly associated with negative symptom severity. In addition, FOLH1 484C, MTR 2756A, and COMT 675A allele load each predicted negative symptom scores. MTHFR 1298C allele load was associated with negative symptom scores at trend level. The model accounted for 10.2% of the variance in negative symptoms (R 2 ). In contrast, none of the polymorphisms studied were significantly associated with positive symptom scores (all P's > .10). Inclusion of anticonvulsant use as an additional factor in the regression model did not change the significance level of any result.
Cumulative Effects of Risk SNPs
To illustrate more directly the cumulative effects of the identified risk SNPs on negative symptoms, subjects were assigned to groups based on the total number of risk alleles (table 3). Given the trend-level significance of MTHFR 1298C as a predictor of negative symptoms, this allelic risk load analysis was conducted twice, first using a 4 SNP score (incorporating MTHFR 677C>T, FOLH1 484C>T, MTR 2756A>G, and COMT 675G>A and resulting in a total score that ranged from 0 to 8) and then a 5 SNP score (which also incorporated MTHFR 1298A>C, resulting in a total score that ranged from 0 to 10). The 4 and 5 SNP scores effectively summarize the genetic risk associated with the individual genotypes because there was insignificant change in goodness of fit when reducing from the 4 or 5 separate predictors to the single risk scores (P = .62 and .79, respectively). Both the 4 SNP (F 3,213 = 5.63, P = .001) and 5 SNP (F 4,213 = 5.15, P = .001) linear regression models fit the negative symptom data significantly better than MTHFR 677C>T alone.
Because MTHFR effects on negative symptoms had already been described in a subset of 135 participants, 16 we also determined whether the 4 and 5 SNP scores derived in the present study predicted negative symptoms separately in that group (old cohort), as well as in the 84 subjects not previously reported (new cohort). These relationships were significant in both the old cohort (4 SNP: R = .25, P = .004; 5 SNP: R = .31, P = .0003) and the new cohort (4 SNP: R = .38, P = .003; 5 SNP: R = .28, P = .01).
To determine whether allelic risk load was correlated with specific negative symptoms, we conducted an exploratory analysis of each of the 7 individual items within the PANSS negative symptom subscale. After Bonferroni correction for multiple comparisons (P = .05/7 = .007), several items correlated significantly with allelic risk load. For the 4 SNP model, these included blunted affect (R = .26, P = .0001), poor rapport (R = .22, P = .001), and lack of spontaneity (R = .192, P = .004); for the 5 SNP model, they included blunted affect (R = .28, P = .00002) and emotional withdrawal (R = .26, P = .00008).
Interaction With Folate
Among subjects with serum folate data, linear regression indicated a significant interaction between allelic risk score and folate group, using either the 4 SNP score (overall model P = .0004, R 2 = .21; interaction b = À1.16, P = .009) or the 5 SNP score (overall model P = .0004, R 2 = .21; interaction b=À1.29, P = .008). Post hoc Pearson's correlations were determined to examine the relationship between allelic risk scores and negative symptoms in the low and high folate groups. For the low folate group, both the 4 SNP score (R = .41, P = .008, see figure 3a ) and 5 SNP score (R = .42, P = .007, see figure 3b) predicted negative symptom severity. These correlations remained significant when allelic risk score groups with fewer than 5 subjects were removed from the analysis (4 SNP score: R = .44, P = .006; 5 SNP score: R = .38, P = .017). Conversely, for the high folate group, neither the 4 SNP score (R = À.14, P = .40, see figure 3c) nor the 5 SNP score (R = À.08, P = .63, see figure 3d) was associated with negative symptom severity. 
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Discussion
Dietary folate supplies the primary substrate for enzymes in the folate metabolic pathway, which in turn provides 1-carbon moieties for DNA methylation, homocysteine metabolism and other vital transmethylation reactions. Functional polymorphisms in the folate pathway influence the efficiency of downstream methylation events, and in the presence of reduced substrate, low-functioning genetic variants can become rate limiting. 22 For example, previous work with the MTHFR 677C>T variant indicated that among individuals homozygous for the fully functional C allele, genomic DNA methylation, and homocysteine metabolism were not dependent on serum folate level; however, for individuals homozygous for the hypofunctional 677T variant, DNA methylation and homocysteine metabolism were strongly dependent on serum folate concentration. 23 We reported an analogous pattern with respect to negative symptom severity in schizophrenia, where folate levels influenced negative symptoms in T/T but not C/C patients. 16 By the same token, among T/T individuals, higher serum folate levels conferred DNA methylation patterns, 23 and negative symptom scores 16 that did not differ substantially from C/C subjects, suggesting that T allele-related MTHFR dysfunction is surmountable in the presence of increased dietary folate.
The present findings suggest that genetic variation throughout the folate metabolic pathway-not limited just to MTHFR-contributes to negative symptom severity in schizophrenia. Missense variants in 3 additional genes, FOLH1, MTR, and COMT were also independently associated with negative symptom scores. Moreover, we found evidence of a cumulative effect of MTHFR, FOLH1, MTR, and COMT, where patients who carried a higher number of risk variants across these 4 genes exhibited more severe negative symptoms but only in the presence of low serum folate levels.
FOLH1 (also called GCP-II) is a glutamate carboxypeptidase that is anchored to the intestinal brush border, where it converts dietary polyglutamylated folates into monoglutamyl folates that can be transported into the body. The 484T>C variant is located in exon 2 of the structural transmembrane region. In a study of the Hordaland homocysteine cohort, Halsted and colleagues 24 reported elevated homocysteine among individuals with the C/T genotype, although there was no significant genotype effect on serum folate. Here, the 484C variant was associated with more severe negative symptoms. Of note, FOLH1 is also expressed in the brain where it is known as NAALADase and cleaves N-acetylaspartylglutamate (NAAG) into N-acetylaspartate (NAA) and glutamate. 25 NAA is a marker of neuronal integrity for which hippocampal and prefrontal levels are consistently reduced in magnetic resonance spectroscopy studies of schizophrenia, 26, 27 while glutamatergic dysfunction in schizophrenia is well established.
28 FOLH1 therefore could represent an important target in schizophrenia pathophysiology through its effects on numerous implicated pathways.
The 2756A variant of MTR has also been associated with elevated homocysteine levels compared with 2756G carriers in numerous studies (reviewed in ref. 22 ). Given that MTR remethylates homocysteine to methionine, homocysteine elevations in 2756A carriers suggest that this version of MTR confers reduced activity. Kempisty and colleagues 11 found that the MTR 2756G allele predicted increased risk of schizophrenia and bipolar disorder. In this study, however, it was the 2756A allele that appeared detrimental with respect to negative symptoms. MTR 2756A>G is thus similar to MTHFR 677C>T, in that the allelic variant associated with reduced availability of 1-carbon moieties is the same one that predicts greater negative symptom severity.
The present results extend our previous MTHFR analyses to a larger cohort, confirming detrimental effects of the 677T variant on negative symptoms. Here, we also found a trend-level effect of MTHFR 1298A>C polymorphism, which is also hypofunctional but not to the same degree as 677C>T. 29 Both the 677T and 1298C alleles have been associated with significant increases in schizophrenia risk in a recent large meta-analysis using the SZGene database 10 ; however, as of March 2011, only the 677T allele remained significant in SZGene (N = 20 studies comprising 4362 patients and 5840 controls; OR 1.15; 95% CI 1.04-1.26). The 2 MTFHR polymorphisms are in linkage disequilibrium and hence are not statistically independent with regard to association analyses; however, because each variant induces its own wellcharacterized functional effect on the level of MTHFR activity, it is reasonable to consider them separately when tallying risk allele load.
The COMT 675G>A variant, which has been consistently implicated in prefrontal function in brain imaging studies 30, 31 but not in schizophrenia risk, 10 was included in the regression analysis due to its previously reported interactive effects with MTHFR 677C>T on executive dysfunction 18 and related prefrontal impairment 19 in schizophrenia and on homocysteine metabolism. 20 Here, we observed a detrimental effect of the low-activity COMT 675A (158Met) allele on negative symptom severity, in contrast to our previous work which implicated the high activity 675G (158Val) allele in executive dysfunction. It is equally noteworthy that a study examining cumulative effects of COMT 675G>A and MTHFR 677C>T on schizophrenia risk in a Dutch cohort 32 implicated the same combination of the low-activity alleles (675A and 677T) as in the present report, although this finding failed to replicate in a Korean cohort. 33 The molecular interactions of COMT with MTHFR and other genes in the folate pathway are likely complex, and different combinations of MTHFR and COMT genotypes have been found to exacerbate hyperhomocysteinemia, 20 preeclampsia risk, 34 and low putamen volumes in geriatric depression. 35 While the nature of these interactions may vary by context, the results of the present study may be more straightforward to interpret, given that they consistently associate detrimental effects with low-functioning variants across the folate metabolic pathway.
Although common genetic variants may contribute approximately one-third of the total genetic liability in schizophrenia, 36 effects of individual variants are small, and many variants that show consistent replication in candidate gene studies are still not strong enough to reach genome-wide significance. Understanding how variants of small effect combine to exert clinically meaningful influences on schizophrenia phenotypes will be critical in deciphering the genetic architecture of the disorder. Increasingly, genome wide association studies and other high-throughput genetic investigations are relying on metabolic pathway analyses in order to pool risk variants into biologically meaningful contexts. 37, 38 In this study, we have used an analogous-albeit ''bottom-up'' rather than ''top-down''-approach to explore how genetic variants across a single implicated metabolic pathway contribute to negative symptom risk in schizophrenia. Our results suggest that patients who possess a greater number of hypofunctional variants in the folate pathway are at particularly high risk for negative symptoms, perhaps reflecting a cumulative effect of these variants on downstream methylation reactions. Using a similar approach, other investigators have identified pooled effects of folate-related genes on cancer risk. 39, 40 The approach of canvassing genetic variants in implicated biological pathways to generate cumulative risk scores holds promise in resolving the so-called ''missing heritability'' in schizophrenia and other complex genetic disorders in psychiatry 41 -just as in the present study, where the net effects of folate-related variants outweighed the influence of MTHFR 677C>T alone on negative symptom severity.
Our previous finding that the MTHFR 677T allele was protective against positive symptoms was not supported in this larger cohort, which is not surprising given the lack of association between folate level and positive symptoms. 7 The reasons for a selective effect of folate-related genes on negative symptoms remain unknown and merit further examination. It also remains possible that other genes that regulate methylation could contribute to heterogeneity of positive symptoms in schizophrenia. Of note, several older studies (reviewed by Grayson et al 42 ) found that administration of methionine, a methyl donor, to patients with schizophrenia induced a worsening of positive symptoms in some patients and had no effect on others. Larger studies that are powered to interrogate broader systems of methylation-related genes in schizophrenia may help clarify how methylation status influences positive vs negative symptoms.
Several limitations in the present study should be acknowledged. First, the size of the cohort is relatively small, especially for the folate analysis, and as with all genetic association studies, findings should be viewed as preliminary until replicated. At the same time, the study was strongly hypothesis driven, and the results are consistent with a considerable literature implicating abnormal folate metabolism in schizophrenia. Second, only a limited number of variants in the folate-related genes of interest were studied, reflecting the small cohort size. However, each variant conferred a change in the amino acid sequence in the associated protein, and in most cases, functional correlates and/or associations with schizophrenia risk had previously been established. Third, subjects varied with regard to psychotropic medication use, a potential concern given the known effects of anticonvulsant medications on folate metabolism. The lack of a difference in anticonvulsant use between high and low folate subjects, and the lack of an anticonvulsant effect on the relationship between genotype and negative symptoms diminishes this concern.
With these limitations in mind, the present findings support the role of heritable variation in folate metabolism in negative symptoms of schizophrenia. They suggest that even among patients who carry multiple risk alleles, negative symptoms can be ameliorated in the presence of elevated serum folate levels. Additional work is needed to examine the utility of folate supplementation for negative symptoms in schizophrenia, especially among patients who may be predisposed to risk due to genetic variation in their folate metabolic profile. 
